BIOCHEMISTRY: PULLMAN AND PULLMAN PROC. N. A. S.
The following propositions seem to us to form a suitable basis for a general or, at least, a fairly general theory of the mechanism of enzymatic hydrolysis:
First proposition. In practically all (in fact, in all but one) fundamental types of biochemical substrates undergoing enzymatic hydrolysis the bond which is hydrolyzed carries formal positive charges on its two extremities. We shall call it a "dipositive bond."
This notion of a dipositive bond may need an explanation. Let us consider, as an example, the peptide bond:
This bond is formed of a basic skeleton of single localized (ar) links, upon which there is superposed a system of mobile or wr electrons. This system is composed in this case of four electrons: two electrons of the double bond of the C=-O link and two electrons of the lone pair of the nitrogen atom. These four electrons constitute a resonating system and, as a general rule for cases where there is a lone pair containing heteroatom adjacent to a double bond, the resonance will result in a partial transfer of the lone pair from this heteroatom to the terminal atom of the double bond. This may be considered as resulting from the contribution of a formula of the type 0 -+ R1 - to the real structure of the peptide linkage. As a result of this contribution the nitrogen atom will bear a formal positive charge which means that, instead of carrying the two electrons of its lone pair, it will carry only a part of them.
Moreover, owing to the difference in electronegativity between carbon and oxygen, the carbon-oxygen double bond may be considered as being a resonance hybrid of the covalent C=O structure and the ionic C +)-structure, so that the carbon atom of the peptide link must also bear a formal positive charge, which means that it will carry less than the one wr electron which it contributes to the 2r electron pool.
The oxygen will, on the whole, carry more than the one or electron which it contributes to the 7r-electron pool and will thus bear a formal negative charge. All these formal charges are measured in fractions of electrons and if we denote these fractions by the general symbol a the distribution of the formal charges on the peptide link may be represented by: This general result is independent of the precise values of the parameters adopted in the effective calculations. As an example, and only in order to fix the idea, we reproduce here, nevertheless, the results of calculations, carried out, in fact, by the molecular orbital method,' for the peptide link with a certain set of parameters for the different coulomb and exchange integrals. Besides this polarization of the 7r electrons there is also a polarization of the underlying a electrons, due to the difference in electronegativities of the bonded atoms. This polarization of the a bonds may sometimes be in a direction opposite to the polarization of the 'r electrons cloud. Thus, while the a bond of the C-O link is polarized in the same direction as its 7relectron bond (toward the oxygen) the C-N a bond is probably polarized toward the nitrogen atom. Nevertheless, we do not need generally to take this polarization of the a bonds into consideration because the chemical (or biochemical) reactivity of systems possessing 7r electrons is generally due essentially to these Xr electrons. These electrons, being more loosely bound than the a ones, take part more easily in chemical reactions.
We may now come back to our first proposition, namely, that in all fundamental biochemical substrates but one, the bonds which undergo enzymatic hydrolysis are of this dipositive character. Effectively these fundamental biochemical substrates include, beside the peptide link: 0
(1) The ester link, which may be a carboxylic ester R1-C-0-R2 a phenolic ester Ph-O-R, a phosphoric ester R-0-P-, a sulfuric ester R-0-S-etc.
(2) The acid anhydride link, in particular the -P-0-P-link in the energy rich phosphates.
(3) The amines, e.g., the -C-NH2 link in adenine or quanine. / (4) The quanidines, e.g., the -NH -C-link in arginine or creatine. Now, all these links, with the only exception of the glycosidic linkage of the polysaccharides, are dipositive bonds in the sense defined previously. The different character of the glycosidic linkage of the polysaccharides results from the fact that this linkage, and this linkage only, does not involve a system of ir electrons but only a chain of single bonds. So that in this particular case it is only the polarization of the a-skeleton which plays a role. Under these conditions, the inductive effect of the central oxygen atom creates a certain complementary concentration of electronic charge on it (makes it slightly negative), while the carbons joined to it are electron deficient (partially positive).
The dipositivity of the hydrolyzable bonds may be demonstrated by general considerations similar to those developed for the peptide linkage. The general result is independent of the precise parameters adopted in calculations. Nevertheless, for simplicity, we shall reproduce here one or two representative examples for each case ( Fig. 1 (a) It may be observed that ih some cases, e.g., in the phosphoric (or sulphuric etc.) esters and in ATP, there are-more than two adjacent atoms carrying formal positive charges. Instead of having a dipositive bond we have there, in fact, a polypositive chain. This situation has been shown to constitute a general and important characteristic of the energy rich phosphates. 2 4 In connection with our present study it may be related to the possibility of different hydrolytic splittings.
(b) In case of the N-glycosidic link of adenosine or guanosine the value of the formal positive charge of the N9 of the purine is given, but the formal positive charge of the C atom of the sugar is only indicated qualitatively by the symbol 5. This is due to the fact that the positivity of this carbon is difficult to evaluate: it is not due to ir electron delocalization (this carbon is a part of an unconjugated sugar ring) but simply to the inductive effect of the neighboring oxygen. Whatever it be, this carbon is electron deficient. Another interesting remark in connection with this point is that the formal positive charge of this sugar carbon is probably the same in a series of ribosides of different bases. The positivity of the nitrogen atom of the N-glycosidic linkage of these ribosides will thus be even a direct measure of the dipositivity of this bond.
Second proposition. The enzymatic hydrolysis takes place the easier the greater the electron deficiency of the susceptible link. This deficiency may be increased by the increase of the formal positive charge either of one of its constituent atoms (in which case this atom is probably in some way one of the reactive centers for the reaction) or of its two atoms.
This proposition may be illustrated by comparing some available experimental results of calculations of the electronic distribution in these substrates. It may be observed that in spite of some discrepancies in the experimental results of the different authors quoted, the ribosides of purines appear, in general, as being more easily hydrolyzed than the ribosides of pyrimidines. Of the former, the riboside of uric acid appears to be exceptionally stable; of the latter, cytidine seems to be more easily hydrolyzed than uridine and thymidine. Finally, it may be remarked that the riboside of nicotinamide is particularly easily hydrolyzed.
The value of the formal positive charge on the nitrogen atom of the hydrolyzed bond accounts very satisfactorily for these general results: it is greater, on the average, in the purine ribosides than in the pyrimidine ribosides, with the exception of the riboside of uric acid in which it is particularly small; it is greater in cytidine than in uridine or in thymidine; and it is the greatest among all the studied compounds in the riboside of nicotinamide. A more detailed examination of the correlation especially inside the series of the purine ribosides shows some discrepancies, which need a further investigation. As a matter of fact, such discrepancies exist also between the different experimental results and are certainly related to the specificity of each of these enzymatic reactions.
Another group of examples which illustrate the proposition that the enzymatic hydrolysis takes place the easier the greater the electron deficiency of the bond to be hydrolyzed, may be found in the field of the influence of substituents on the ease of enzymatic hydrolysis of phenyl esters. These are compounds to the general formula:
Among the compounds effectively studied in this respect we may quote the derivatives of phenylsulfate (J),5 phenyl-3-D-glycoside (11)6 and phenylacetate (II).7
The case of derivatives of benzoylcholine (IV)8 is strictly related. Now, in spite of important differences in the detailed mechanism of their enzymatic hydrolysis (which we shall discuss in a forthcoming publication), all these substrates have in common the fact that the substitution of electron withdrawing substituents on the phenyl ring (especially in the ortho and para positions) facilitates the hydrolysis while a similar substitution of electron repelling substituents decreeses the rate of hydrolysis. This influence of substituents may obviously be related to the effect of these groups on the charge concentrations on the splitted bonds and it has been so related by the authors of these different experiments. Nevertheless, in connection with the different interpretations suggested, the following observations may be particularly useful:
(a) In all these different esters we have at the extra ring chain at least three adjacent atoms carrying a formal positive charge. We have thus at least two dipositive bonds there. The situation may be illustrated by available calculations which, although they do not concern the esters quoted in this paper, are, nevertheless, representative of all these types of compounds. The available calculations concern the phenylphosphate.2 +0.049 +0.358 +0.209 Phenylphosphate (b) The fixation of an electron withdrawing substituent on the phenyl ring will increase the electron deficiency both of the C-0 bond and the O-P bond. Nevertheless, it will essentially only affect the charges on the C and 0 atoms, the charge on the P atom being practically unperturbed by the effect of a substitution on the phenyl ring. The perturbation of the charges on the C and 0 atoms will consist, for both these atoms, in an increase of their formal positive charges, particularly when the substitution occurs at the ortho or para positions. The phenomenon is illustrated in the following diagrams which show the distribution of the formal positive charges on the involved positions in the three isomeric nitrophenylphosphates. In benzoylcholine the perturbation will affect essentially, of course, the carbon atom of the carboxyl group.
This last remark leads us to quote one more example, which illustrates in a particularly striking way the predominant importance of the degree of the electron deficiency of the susceptible bond for the ease of its enzymatic hydrolysis. The example is concerned with the action of cholinesterase on acetylcholine and related compounds. 9 Acetylcholine has a dipositive acyl ester bond indicated at the formula and there are different experimental evidences (a) The hydrolysis is easier in the halogenoacetate derivatives. The halogens increase, of course, the electron deficiency of the acyl-ester bond, essentially by increasing the positivity of the C carbon of the carboxyl bond.
(b) On the contrary, the replacement of CH3 by NH2 or OH prevents any hydrolysis from occurring. These substituents which are electron donors decrease appreciably the electron deficiency of the acyl-ester bond.
(c) The corresponding thioester in which an S atom has taken the place of the ethereal 0 atom hydrolyses as easily, or even easier, than acetylcholine. The lone pair on the sulfur atom being more loosely bound than that of an oxygen, the sulfur atom has a greater formal positive charge than the corresponding oxygen. The influence of this replacement on the positive charge of the adjacent C atom is more difficult to ascertain. Calculations are in progress to settle this point.
(d) On the contrary, the formation of a thioester, by replacing the oxygen atom of the C=-O bond by a sulfur atom, results in a total inhibition of hydrolysis. Of course, this replacement, because of the much smaller electronegativity of sulfur with respect to that of oxygen, decreases to a very large extent the ionic character of the C=O bond and consequently practically abolishes the formal positive charge of the C atom.
These results represent thus a very clear demonstration of the importance of the concentration of the formal positive charges on the susceptible bond for the occurrence and ease of this enzymatic hydrolysis. They have been considered as such by F. Bergmann.9
Third proposition. When several similar bonds are present in a molecule and when steric hindrance or specificity may probably be disregarded, the enzymatic hydrolysis occurs at the most dipositive of these bonds.
A most striking example of this proposition is offered by allantoin, the product of oxidative breakdown of uric acid. This molecule possesses five similar bonds of the peptide type. The bond which first undergoes enzymatic hydrolysis10 is indicated by the dotted line on Figure 2 which also reproduces the distribution of the formal positive charges in this compound.1" It can be seen that the hydrolyzed bond is by far the most dipositive one, the formal positive charges on both its C and N atoms being greater than those of the corresponding atoms of the other similar bonds of the molecule.
Another similar example is barbituric acid (Fig. 3 ) whose enzymatic hydrolysis, to urea and malonic acid, also occurs along the most dipositive bonds.12
Conclusion.-In view of the preceding discussion it seems thus obvious that the electronic deficiency of the bond which will undergo enzymatic hydrolysis is an important factor in determining the occurrence and the ease of this reaction. Nevertheless, this deficiency is a feature characteristic of the substrate and the question may be raised of what the role is of the enzyme in this type of reaction. The answer would be PROC. N. A. S. that this role may probably be multiple and that the catalytic action of the enzyme may occur, and most certainly does so, in many different ways in different specific reactions. We shall present, in a forthcoming paper, a detailed discussion of the mechanism of a series of fundamental enzymatic hydrolytic reactions and, consequently, we shall indicate here only schematically the principal possibilities.
It seems highly probable that the catalytic action of the enzyme will be determined, more or less following the case, by the pre-existing electronic situation. The simplest mechanism by which the positivity of the susceptible link may be associated with the action of the enzyme would consist in a direct attack of a nucleophilic center of the enzyme on one or the other of the positive centers of the hydrolyzcble bond. A formation of such a direct complex with the reactive center may favor the fission of the link and the subsequent hydrolysis. A mechanism of this type is probably involved in the action of cholinesterase on acetylcholine and its derivatives, which we have previously discussed.9 It may also be involved in the mechanism of action of a number of esterases with a reactive serine residue and which may be inhibited by organophosphorus compounds, '3 etc. Another mechanism relating the action of the enzyme to the pre-existing electron deficiency may consist in a tendency of the enzyme to increase this pre-existing deficiency by increasing the formal positive charges either on both atoms constituting the reactive bond or on one of them. This may be obtained on behalf of the enzyme by forming appropriate "bonds" with the substrate which will tend to modify the electronic distribution on the substrate in the desired direction. This binding may occur in positions more or less close to the susceptible bond and may result in favoring either the fission of the bond or the attack of one of its extremities by nucleophilic agents. In connection with this hypothesis a special mention must be made of a theory of enzymatic hydrolysis, proposed by Ronwinl4 which was based on the idea that the role of the enzyme consisted in "creating" a dipositive charge situation at the susceptible link which leads to a ruptured or distorted bond with subsequent hydrolysis." This author had thus to imagine the mechanisms by which such a dipositive situation may be induced. In fact, as we have seen, it is already there, before any action on behalf of the enzyme.
On the other hand, it must also be borne in mind that this electron deficiency although apparently frequently essential for the mechanism of the hydrolysis need not be directly involved in the interaction of the enzyme with the substrate. This interaction may occur far away from the susceptible bond and have the essential effect of helping in some way (orientation effects, strain, Van der Waals binding) to lower the activation energy for the hydrolysis itself.
These are only a few of the possible ways in which enzyme catalysis may be re-lated to the positivity of the susceptible bond in hydrolytic reactions. It must be borne in mind that very different mechanisms may be involved even in apparently related reactions. Thus, in spite of the apparently similar effect of substitutents on the yield of the reaction it seems highly probable that the detailed mechanism of the hydrolysis is quite different in the different types of phenylesters which we have quoted. The problem, as stated, will be discussed in more details separately. Finally, we should like to stress that in no way do we want to suggest that the electron deficient character of the susceptible bond is the only factor which determines the occurrence and the ease of enzymatic hydrolysis. It is obvious that other factors which include, for example, steric specificity, shape and size, strain and polarization, electrostatic interactions and long-range forces, are as important as the factor that we have discussed here. Most probably they are frequently complementary to each other and it must be remembered that even in a case such as that of the cholinesterase action on acetylcholine and its derivatives, in which it seems very probable that the mechanism of the reaction consists essentially in a direct interaction between a nucleophilic group of the enzyme and a positive center of the bond, there is ample evidence that the binding with the enzyme involves also a second site on the molecule, probably the quaternary nitrogen.'5 Such a complementary binding, which is probably frequent, may, of course, play a very important role in the over-all mechanism. Nevertheless, what seems highly probable from the present study is that the electron deficiency of the susceptible bond is one of the essential electronic factors, if not the essential electronic factor, which determines the mechanism of the reaction. It may also be mentioned that the case of the polysaccharides, although to some extent particular in our scheme (because their hydrolyzable bond is not a dipositive one) probably does not present any fundamental difference with respect to the other groups of hydrolyzable substrates. The susceptible bond in these substances contain, because of the polarization of the a bonds, electron deficient carbon atoms and this deficiency may be an essential element for the reaction. fold. They were centrifuged from the medium and washed three times with water. The cells were extracted twice with 5-ml portions of hot absolute ethanol and twice with hot 25 per cent chloroform in ethanol. The extract of 20-mg cells was chromatographed two-dimensionally on Whatman No. 1 paper in phenol-water (PW) and
